ABSTRACT Background: Although there are several published estimates of the endogenous amino acid composition of ileal digesta in humans, to our knowledge, there are no systematic studies of ileal digesta endogenous proteins. Objectives: We determined the nature and composition of endogenous nitrogen-containing substances lost from the upper digestive tract of humans. Design: Digesta were collected from the terminal ileum for a period of 8 h by using a nasoileal tube in 6 adult subjects fed a single meal that contained 22% of casein as the only source of nitrogen. Results: The total nitrogen that passed the terminal ileum was 39.3 mg/g native digesta dry matter. Of this amount, 86% was proteinaceous, w60% was bacterial protein, w7% was soluble-free protein, w15% was mucin protein, and w5% was protein from intact mucosal cells. For nonprotein nitrogen, w5% of the total nitrogen was ammonia, and w4% of the total nitrogen was urea. Bacterial and human mucosal cellular DNA nitrogen were collectively w0.5% of the total nitrogen. Approximately 30% of the nonprotein nitrogen (4% of the total nitrogen) remained unidentified. This amount was assumed to include free amino acids, RNAs, amines, and the tetrapyrroles bilirubin and biliverdin. Bacterial nitrogen, combined with ammonia and urea nitrogen, represented .68% of total ileal nitrogenous losses. Conclusions: Findings are presented on the endogenous nitrogencontaining compounds that left the terminal ileum. Of particular significance is the observation that mucin was the most abundant truly endogenous component within the terminal ileal digesta. Bacterial protein, which was strictly nondietary rather than endogenous, contributed the highest proportion, by far, of nondietary protein, the result of which makes a significant contribution to published estimates of ileal endogenous amino acids and protein. The high concentration of bacterial protein and the presence of ammonia and urea nitrogen indicate potentially substantial microbial activity within the human distal small intestine.
INTRODUCTION
Proteinaceous compounds are secreted into the gastrointestinal tract (GIT) 4 by specialized cells within salivary, gastric, hepatic, pancreatic, and other tissues and are termed endogenous proteins. These proteins are often somewhat resistant to the digestive processes and may partly remain in the digesta that leave the ileum (1) . Estimates of amounts of these secretions vary greatly, although on average, in pigs (an often-used human analog), approximately 8-13 g N/d are secreted into the gut (2-4). The total mass of endogenous material secreted into the GIT has been estimated to be approximately equal to the exogenous protein ingested (5) . Protein of the microbiota that normally inhabit the GIT, although not strictly of endogenous origin (but nondietary), is also expected to make a significant contribution to the protein losses (6) . Residual amounts of exogenous and endogenous proteinaceous material that remain unabsorbed at the terminal ileum are considered to have little nutritional value (7) because amino acid absorption in the large intestine is thought to be minimal (8, 9) .
A dynamic equilibrium exists in the GIT between dietary protein intake and the secretion of endogenous proteinaceous material into the lumen with the concomitant absorption from the gut of digested materials, both exogenous and endogenous in origin. The mass of nitrogenous material that leaves the ileum represents the net balance between nitrogen intake plus nitrogen secretion and the absorption of dietary nitrogen and reabsorption of endogenous nitrogen (9) . Previously, methods to distinguish between endogenous nitrogen losses at the terminal ileum and undigested exogenous dietary nitrogen have involved the administration of a protein-free diet (10) . However, this method has been shown to be physiologically unnatural and has led to an underestimation of endogenous nitrogen losses (11, 12) . As a result, alternative methods, which involve the feeding of protein-containing diets, have been developed (9, 13, 14) . Accurate determinations of endogenous total nitrogen and amino acid flows are necessary to allow the determination of true dietary amino acid digestibility coefficients and for the factorial estimation of dietary amino acid requirements (15) . Although there have been several published estimates of the endogenous amino acid composition of human ileal digesta (8) , to our knowledge, there have been no systematic studies of the endogenous protein composition (ie, sources of endogenous protein) of ileal digesta in humans. Such a study has been recently undertaken in the growing pig (16) .
The aim of the current study was to quantify the endogenous proteins in terminal ileal digesta collected from adult humans who were fed a diet that contained casein, which is a protein known to be highly digested and absorbed (17) . In a previous study that used the same batch of casein as used in the current study, Deglaire et al (15) showed that the true ileal digestibility of casein protein in humans is .94%. Although small amounts of dietary peptides and amino acids may remain unabsorbed when casein is fed to an experimental subject, these amounts have no bearing on the current results because the constituent endogenous proteins were determined directly, and there was no need to distinguish between undigested dietary and endogenous nitrogen flows.
SUBJECTS AND METHODS

Subjects and diet
Six adult subjects (4 women and 2 men) were involved in the study. Subjects had a mean (6SD) age of 35.7 6 6.6 y, mean body weight of 62.5 6 12.6 kg, and mean BMI (in kg/m 2 ) of 22.1 6 4. Subjects were included in the study after a thorough medical examination that included routine blood tests. All of the subjects received detailed information of the experimental protocol and consequently gave their informed consent to participate in the study. The study was conducted at the Avicenne Hospital, Bobigny, France, and the protocol was approved by the Institutional Review Board of St-Germain-en-Laye Hospital, St-Germain-en-Laye, France. The initial recruitment was in January 2006. Volunteers were admitted to the hospital on the morning of day 1 when a 3-m polyvinyl chloride triple-lumen tube was inserted via the nose under local anesthesia (15) . At the distal end of the triple-lumen tube, a 2-mm-(internal) diameter tube was pierced with 2-mm holes for a length of 10 cm and used for the collection of digesta. A second radio-opaque tube terminated 20 cm from the digesta collection zone and was used to perfuse a flow-rate marker. A final inner tube was then used to inflate a balloon at the terminal end of the tube 5 cm below the digesta collection zone. Once past the pyloric sphincter, a terminal balloon was inflated to stimulate peristalsis and hasten the progression of the tube through the gut. Once the tube had reached the terminal ileum, the tube was restrained from additional movement with the use of tape affixed to the face of the subject. The subjects were then given a standard, easily digested hospital meal and received a second meal at 1900 before an overnight fast. The experimental protocol commenced at 0930 on day 2. To enable baseline data to be obtained, digesta were first collected 30 min before the ingestion of the test meal. A saline solution, which contained polyethylene glycol (PEG) 4000 (20 g/L) as a liquid-phase marker, was infused continuously through one of the lumens of the tube at a constant rate of 1 mL/min for the duration of the test. The composition of the test meal (g/kg air dry weight) was 220 g casein, 470 g maltodextrin, 157 g sucrose, and 153 g soya bean oil. No vitamins, minerals, or fiber were added to the diet, which was fed acutely, because the same diet was used in a previous comparative study (16) . The amino acid composition of the test diet is given in Table 1 . The test meal was given at 1000 and consisted of 150 g of the test diet (which contained 33 g casein), which was then made up to a final volume of 550 mL with water. The total metabolizable energy content of the test meal was 700 kcal (2.93 MJ).
The collection of digesta was undertaken while the subjects were resting in a semirecumbent position, and no additional food was allowed until the end of the collection period, which lasted for 8 h after the ingestion of the meal. Water was given to the subject hourly.
Digesta were collected on ice and pooled over 30-min periods after the addition of sodium benzoate (10 g/kg digesta) as a bactericide and phenylmethylsulphonyl fluoride (0.37 g/kg digesta) as a protease inhibitor. Samples were frozen. Later, each 30-min composite of digesta sample was freeze dried, ground, and mixed.
Chemical analysis
Amino acids were determined on samples of the test diet (15) after acid hydrolysis for 24 h with hydrochloric acid (6 mol/L that contained 0.1% phenol) by using an ion-exchange HPLC analyzer (Waters) (18) . Tryptophan and cysteine were not determined. Nitrogen that contained components of the ileal digesta were determined as described previously (16) . Briefly, samples of freeze-dried digesta were reconstituted in normal saline and fractionated by using differential centrifugation according to the method of Metges et al (19) (Figure 1 ). Digesta were first centrifuged at 250 relative centrifugal force (RCF) for 15 min at 4 8 C and then at 14,500 RCF for 30 min at 4 8 C. The first precipitate at 250 RCF was expected to contain food particles and intact mucosal cells. The second precipitate at 14,500 RCF was expected to contain microbial cells with the supernatant fluid expected to contain soluble nitrogenous components such as proteins, peptides, free amino acids, mucins, neutral sugars, urea, creatinine, and ammonia. Total nitrogen was determined by using the Leco total combustion method, which is a variation of the Dumas method (20) . Bacterial protein (in the 250-RCF precipitate and 14,500-RCF supernatant fluid) and microbial biomass (in all digesta fractions) were calculated indirectly on the basis of determined diaminopimelic acid (DAPA), which is a marker peculiar to the peptidoglycan content of bacterial cell walls, and by using published conversion factors (21, 22) . The DAPA content of digesta fractions was quantified after oxidation with performic acid by using an HPLC system with a ultraviolet detector. Soluble protein was determined by using the Bradford method (23) . Bacterial protein in the 14,500-RCF precipitate was determined directly by using a bacterial proteinextraction lysis buffer kit (G-Biosciences) combined with a noninterfering protein assay kit (G-Biosciences). According to the instructions of the manufacturer, total protein in the 14,500-RCF precipitate was determined by using the protein-extraction lysis buffer kit to lyse the bacterial cells before the use of an noninterfering protein assay kit. Extracellular protein was determined for the same quantity of precipitate without the initial lysis step. The difference between resultant concentrations was considered to be the bacterial protein concentration in intact cells.
With the use of published composition data (24), mucins were quantified by using the determination of amino sugars N-acetylgalactosamine and N-acetylglucosamine, carbohydrate markers particular to glycoproteins. Ammonia and urea were determined by using an adaptation of the method devised by Chaney and Marbach (25) . DNA was determined by using a QIAamp DNA Stool Mini Kit (QIAGEN Inc) according to the instructions of the manufacturer . The absorbance of extracted samples was determined by using a NanoDrop ND-1000 ultraviolet-vis Spectrophotometer (NanoDrop Technologies). The DNA concentration was determined from its absorbance at A260 nm, and its purity was determined from the ratio of the readings at A260 and A280 nm.
Data analysis
Total ileal-component flows were determined in the timed (30-min) samples or pooled freeze-dried ileal digesta by using the following equation:
where TICF represents the total ileal-component flow (mg), C digesta(T) represents the component concentration in the terminal ileal digesta for the given time period (mg/g dry matter), DM S-(T) represents the dry matter concentration in the sample for time T (mg/g digesta), and F tot-(T) represents the total ileal digesta flow over time T (mL). F tot-(T) was determined by using the following equation:
where PEGi represents the concentration of the indigestible marker (PEG) in the solution perfused and PEG S-(T) is the PEG concentration in the sample of ileal digesta (g/L), F i represents the PEG-infusion rate (mL/min), and T represents the sampling time period (min). Native digesta dry matter (NDDM) was determined by using the following equation:
where NDDM represents the dry matter after exclusion of the dry matter of the PEG infused in the time period T (g).
Results were expressed as means 6 SEMs. Statistical analysis was undertaken with Minitab 15 (Minitab Pty Ltd). 
RESULTS
The determined flow of NDDM is presented in Figure 2 and shows that, after a peak flow of 2.6 g/30 min during the period between 30-60 min, the flow declined to a more constant and surprisingly low rate of w1.3 g/30 min. The mean NDDM flow in the ileal effluent over the 8-h collection period for the 6 subjects was 1.7 6 0.13 g/min. The total NDDM concentration of the digesta was 29.36 2.5 g/L.
The nitrogen composition of the digesta is given in Table 2 . Total nitrogen was 3.9% of the NDDM. Proteinaceous nitrogen was 86% of the total nitrogen, and the remaining 14% was nonprotein nitrogen. Most (77%) of the protein nitrogen was soluble and present in the 14,500-RCF supernatant fluid, which left the remaining 23% insoluble protein nitrogen that was detected in the 250-RCF and 14,500-RCF precipitates. Concentrations of both DAPA and DNA in the 3 centrifugation fractions were used to determine the proportion and distribution of bacterial and human cellular protein. These data are given in Table 3 . The distribution of protein across the different centrifugation fractions is given in Table 4 . Just more than 69% of the protein detected in the ileal digesta was of bacterial origin. The greatest concentration of protein (53% of total protein) was detected in the 14,500-RCF supernatant fluid, w70% of which was bacterial. The mucin output was 127 mg/g NDDM ( Table 5 ) and w13% of the digesta dry matter. The change in concentration in the digesta throughout the collection period (mg/g NDDM every 30 min) is presented in Figure 3 . A summary of the sources and concentrations of nitrogen in terminal ileal digesta of humans who were given a casein-based diet is presented in Table 6 . Approximately 60% of the nitrogen in the ileal effluent was determined to be of bacterial origin, and mucin contributed w15% of the nitrogen and was the single most abundant truly endogenous component in the GIT contents.
DISCUSSION
The method of collecting ileal digesta from fit, healthy subjects by using a nasoileal tube was chosen after a meta-analysis confirmed that this method allowed precise and accurate sampling (26) . This method relies on the recovery of a perfused nondigestible marker (PEG 4000). The PEG recovered in the digesta collected over the 8-h period was 56% of that infused (26) , which indicated that a relatively large part of the total ileal digesta had been collected. There have been reports that the insertion of a nasoileal tube may affect gastric emptying (27), increase intestinal transit time (28) , and stimulate intestinal secretions (28) . However, because the nasoileal tube had been inserted into the gut of the experimental subjects w24 h previous to the commencement of the test, it was assumed that any mechanical stimulation of the gut caused by the insertion of the tube would have diminished, and the luminal conditions of the GIT would have reached equilibrium. However, as shown in Figure 3 , the digesta mucin concentration fell by w57% in the 90 min of collection after the test meal was administered. A high mucin concentration in the 30 min before the meal was given may have been the result of the infusion of the saline solution that contained PEG, and then, as the GIT recovered, the mucin concentration continued to fall until it began to rise after 90 min. Another important methodologic aspect of the study is that isotopes were not used to distinguish endogenous proteins from undigested dietary proteins. This differentiation was unnecessary because the respective endogenous protein sources were determined directly. A small amount of casein amino acids may have remained unabsorbed at the end of the ileum. These amino acids were not identified directly and would be contained in the nonspecific nonprotein nitrogen fraction, which is a fraction that accounted for only 4% of the total nitrogen.
In the current study, DAPA was used as a marker to indirectly determine the microbial component of the digesta. In a recent study (29) that compared alternative markers for the determination of bacterial protein in ileal digesta, DAPA was shown to be accurate for this purpose and was the most satisfactory of the markers investigated.
When the nitrogen composition of the digesta (Table 2 ) was compared with the results of an earlier pig study, in which animals were fed the same semipurified casein-based diet (16), the total nitrogen content of the digesta in pigs was higher than the value shown here in humans (6.4% and 3.9%, respectively). However, when the percentage compositions were compared, the results were more similar; the protein nitrogen as a percentage of total nitrogen was 74% in pigs and w86% in humans. The higher value in pigs may have been related to humans who received a considerably lower amount of casein.
Amino acid concentrations in the ileal digesta have been reported previously (15) . The 6 most abundant amino acids in the digesta, in decreasing order of abundance, were glutamic acid (which represented glutamine plus glutamic acid), glycine, aspartic acid (which represented asparagine plus aspartic acid), serine, proline, and threonine (15) . Threonine, serine, and proline are most abundant in the glycosylated region of mucin polymers, and glutamic acid, glycine, and aspartic acid are most common in the nonglycosylated regions of mucin. High proportions of these amino acids were consistent with high rates of mucin secretion throughout the GIT, the minimal rate of degradation of these macromolecules, and the high amount of mucin shown in the current study.
Most of intact bacterial cells should have been present in the 14,500-RCF precipitate. A microscopic examination of the 3 centrifugation fractions confirmed this, and although some intact 2 Determined as the difference between the total DNA detected and estimated bacterial DNA. 3 It was assumed that all of the DNA detected in the 14,500-RCF precipitate was bacterial in origin. A DNA:DAPA ratio of 2.27 was calculated (when expressed as mg/g digesta dry matter) and was used to estimate the bacterial DNA in the other 2 centrifugation fractions. 4 Concentration of bacterial DNA in this fraction was assumed to originate from lysed bacterial cells and was determined from the DNA:DAPA ratio of 2.27 (Table 3 , footnote 3). 5 Total represents DAPA and DNA detected in the ileal digesta. 3 Determined by using the value of 26.4 mg diaminopimelic acid/g bacterial nitrogen for the 250-RCF precipitate and the 14,500-RCF supernatant fluid combined with the bacterial protein determined directly in the 14,500-RCF precipitate. 4 Protein in this fraction was estimated by using a bacterial proteinextraction lysis buffer kit combined with a noninterfering protein assay kit (G-Biosciences).
bacterial cells were present in the 250-RCF precipitate and the 14,500-RCF supernatant fluid, the great majority of whole bacterial cells was shown in the 14,500-RCF precipitate. The concentration of DAPA in the respective fractions (Table 3) did not entirely concur with these observations because a relatively high concentration of DAPA was shown in the 14,500-RCF supernatant fluid. However, because many fewer intact bacterial cells were observed visually in the 14,500-RCF supernatant fluid, it was assumed that this was free DAPA from lysed bacterial cells. Total concentrations of DAPA and DAPA nitrogen were 0.62 and 0.09 mg/g NDDM, respectively, which are values similar to those shown in our previous work in pigs (0.63 and 0.09, respectively). The mass of bacterial dry matter was calculated with the assumption of 2.88 mg DAPA/g bacterial dry matter (22) and determined as 215 mg/g NDDM, which is a value that represents w22% of the total digesta dry matter and is similar to the value of 21% reported by Rowan et al (30) .
Concentrations of DNA in each of the centrifugation fractions are also given in Table 3 . The total amount of DNA detected in the human ileal digesta was 1.76 mg/g NDDM which is a result that is consistent with that shown in pig studies of Rowan et al (30) and Miner-Williams et al (16) . If the concentration of DNA present in the 14,500-RCF precipitate (0.59 mg/g NDDM) is assumed to be entirely of bacterial origin, and the DAPA concentration for this fraction was 0.26 mg/g NDDM, the DNA:DAPA ratio can be calculated to be 2.27, which is similar to the value (2.86) reported by Rowan et al (31) in humans. This ratio can then be used to determine the bacterial DNA in the remaining 2 centrifugation fractions (0.07 and 0.76 mg bacterial DNA/g NDDM for the 250-RCF precipitate and 14,500-RCF supernatant fluid, respectively). Thus, human cellular material was determined as the difference between the total DNA and estimated bacterial DNA. As in our earlier pig study (16) , the higher proportion of animal DNA in the 250-RCF precipitate supported the effectiveness of using differential centrifugation. The DNA shown in the 14,500-RCF supernatant fluid was assumed to be derived from lysed bacterial and human mucosal cells. Protein interference was shown to be minimal when the QIAamp DNA Stool Mini Kit (QIAGEN Inc) was used because the extraction of DNA was particularly pure.
Proportions of microbial and nonmicrobial protein (Table 4 ) were calculated by using the DAPA:bacterial nitrogen ratio of 26.4 reported by Wünsche et al (21) . A greater amount of the microbial protein was shown in the 14,500-RCF supernatant fluid (w37% compared with 29% in the 14,500-RCF precipitate), which suggested that a substantial degradation of bacterial cells took place in the small intestine.
The concentration of mucin in the ileal effluent (Table 5 ) was calculated by using the mucin markers N-acetylgalactosamine and N-acetylglucosamine. The predicted predominant types of mucin in the ileal effluent were gastric and small intestinal mucin. The concentration of digesta mucin detected here was within the range of other published values (32, 33) and represented w13% of the digesta dry matter. Therefore, mucin is the single most abundant, truly endogenous component in the terminal ileal digesta, and any dietary factors (eg, fiber and lectins) or physiologic conditions (eg, inflammatory bowel disease) that increase mucin secretion can be expected to have a significant effect on endogenous nitrogen losses at the terminal ileum.
Mean (6SEM) concentrations of ammonia, urea, and creatinine in the digesta were 2.27 6 0.31, 3.31 6 0.30, and 0.31 6 0.01 mg/g NDDM, respectively. These 3 compounds made up 66% of the nonprotein nitrogen (Table 6 ). Although urea and ammonia made up only w0.4% of the digesta dry matter, these components of the digesta contributed more than 9% of the total digesta nitrogen, which was a disproportionate amount of nitrogen. Urea, ammonia, and the metabolic activity of intestinal bacteria are linked to nitrogen cycling systems in the gut. The release of ammonia into the intestinal lumen may result from the catabolism and oxidation of amino acids by both enterocytes and bacteria as well as the enzymatic breakdown of urea by microbial flora. The enteric metabolism of amino acids has important implications for amino acid availability, being what Stoll et al (34) suggest is an important source of nutritional inefficiency. The combined contributions of bacteria, urea, and ammonia accounted for w69% of the total nitrogen in the digesta at the terminal ileum, which indicated a potentially substantial microbial activity within the distal human small intestine. The human small intestine, which was once thought to be largely devoid of microbial activity (35) , is now known to be colonized with large populations of bacteria (36) . Although the microbial population of the large intestine is greater than that of the small intestine, Ahmed et al (37) revealed that bacterial population densities in the small intestine were highest in the terminal ileum. The microbiota of the human gut represents a complex microbial community that is believed to have a significant impact on human physiology (36) . A recognition of this effect may alter currently held views about upper-tract digestion and fermentation. For example, if the microbiota in the upper gut are capable of significant fermentation of complex carbohydrates, the inclusion of resistant starches in the diet, which are thought to be nonfermentable before the colon, may require additional careful investigation. Bacterial protein, although strictly nondietary rather than endogenous, contributed the highest proportion of nondietary protein by far and, thus, provided a significant contribution to published estimates of ileal endogenous amino acid and protein flows.
Of the nonprotein nitrogen, only a small percentage (4% of the total nitrogen) remained unidentified, which is a fraction that might have included free amino acids, RNAs, amines, and the tetrapyrroles bilirubin and biliverdin.
The loss of proteinaceous nitrogen from both microbial and truly endogenous sources was .86% of total ileal nitrogen losses (Table 2) , which is a value in accord with estimates by Chacko and Cummings (38) , who gave a range of 80-85%. The fraction of soluble-free protein present in the 14,500-RCF supernatant fluid was 2.6 mg/g NDDM, or 6.6% of the total nitrogen at the terminal ileum (Table 6) , which is an amount that would be expected to contain compounds such as immunoglobulins, digestive enzymes, serum albumin, small protease-resistant peptides, and undigested dietary protein fractions. Mucosal cellular protein was w5% of total nitrogen, which, because of the expected high rates of cellular sloughing (39) during normal digestion, suggests that this endogenous protein source is highly digestible. The authors' responsibilities were as follows-DT: supervised the work in France; AD: undertook the work in France; RB: undertook the insertion of the nasoileal tube and the clinical monitoring of subjects while they were in the hospital; WM-W: undertook all chemical analysis and wrote the manuscript; PJM: supervised the work in New Zealand and edited the manuscript with the cooperation of all authors; and MFF: assisted with designing the study and drafting of the manuscript. None of the authors had a conflict of interest.
